ABSTRACT This study evaluated the effects of dietary supplemental levels and sources of manganese (Mn) on performance, eggshell quality, ultrastructure, and components in laying hens. A total of 1,080 46-wk-old Jing Brown hens were fed a basal diet (Mn, 32.7 mg/kg) for 2 wks laying and then randomly allocated to 9 groups that were fed a basal diet (control) or the basal diet supplemented with inorganic (MnSO 4 ·H 2 O) or organic (amino-acid-Mn, 8.78%) Mn at 40, 80, 120, or 160 mg per kg of feed for 8 wks. Each group had 8 replicates of 15 hens. The results showed that dietary Mn supplementation did not affect the performance of hens (P > 0.05). Dietary Mn supplementation resulted in linear and quadratic increases of breaking strength and thickness in both inorganic and organic forms (P < 0.05), but fracture toughness increased quadratically only in organic groups (P < 0.05). Linear and quadratic effects on effective and mammillary thickness were observed with Mn supplementation from inorganic and organic sources (P < 0.05), and lower mammillary thickness was observed in organic groups (P < 0.05). However, the width of mammillary knobs decreased quadratically only with the supplementation of organic Mn (P < 0.05). Dietary Mn supplementation had a quadratic effect on the shell Mn content in both inorganic and organic forms (P < 0.05). Linear and quadratic effects on the content of sulfated glycosaminoglycans (GAGs) were observed only in calcified eggshell with inorganic Mn supplementation (P < 0.05), while the supplementation of organic Mn had a quadratic effect on sulfated GAGs content in both calcified eggshell and membranes (P < 0.05). Overall, dietary Mn supplementation, regardless of the source, could increase breaking strength and thickness by improving the ultrastructure, which partly results from increased sulfated GAGs content in the eggshell. Moreover, the supplementation of organic Mn could increase fracture toughness by decreasing the width of mammillary knobs, which is partially due to increased sulfated GAGs content in the membranes.
INTRODUCTION
Cracked and damaged eggs have been a serious problem, resulting in substantial economic loss to the egg industry, and is more typical in aged laying hens (Nys, 2001) . The reduced eggshell quality of old laying hens can be attributed to changes of shell ultrastructure with the aging of hens (Rodriguez-Navarro et al., 2002) . Specifically, the ultrastructure of eggshell consists of two shell membranes, mammillary layer, palisade layer, vertical crystal layer, and cuticle (Solomon, 1991; Nys et al., 1999) . It was reported that a decrease in the average size of calcite crystals contributed to the improvement of shell solidity after molting (Ahmed et al., 2005) . Furthermore, the shell breaking strength depended on the thickness of the palisade layer and the organization of calcite crystals in this layer (Radwan et al., 2010 Additionally, it was strongly related to reduced mammillary thickness and increased mammillary knob density of the ultrastructure (Dunn et al., 2012) . Thus, improving the ultrastructure of eggshells can enhance eggshell quality.
Eggshell ultrastructure partly results from competition for space during crystal growth between adjacent sites of nucleation (Rodriguez-Navarro et al., 2002) , which is formed from calcium carbonate embedded in an organic matrix. Sulfate glycosaminoglycans (GAGs) are essential organic components contained in calcified shell and membranes (Nakano et al., 2001 (Nakano et al., , 2002 . Sulfate GAGs can covalently attach to core proteins to form proteoglycans (Kjelle'n and Lindahl, 1991) , which are present in the organic matrix that controls structure and texture of eggshell (Nys et al., 2004) . It was reported that breaking strength was proportional to the keratin sulfate content of eggshell membranes (Young et al., 2007) . In addition, the variation of sulfation status of GAGs drastically changed the morphology, size, and number of calcite crystals (Arias et al., 2002) . Therefore, we infer that the sulfate GAGs in the eggshell may affect eggshell quality by influencing the eggshell ultrastructure.
Currently, dietary factors improving eggshell quality are mostly focused on microelements and eggshell quality can be positively affected by an optimal dietary level and form of manganese (Mn) (Świ atkiewicz et al., 2015) . Manganese can modulate eggshell quality by improving Galβ1,3-glucuronosyltransferase (GLcAT-I) activity, which participates in the formation of proteoglycans (Ouzzine et al., 2000; Xiao et al., 2014) . Furthermore, not only the level of microelements but also their form (inorganic vs. organic complexes) in a hen's diet are reported to affect eggshell quality. The simultaneous supplementation of organic amino acid complexes of zinc (Zn), Mn, and copper (Cu) to diets significantly increased eggshell thickness compared with their sulfate form (Gheisari et al., 2011; Favero et al., 2013; Stefanello et al., 2014) . Substituting Zn and Mn oxides with amino acid complexes of these microelements alleviates the negative effects of hen age on eggshell quality and improves breaking strength in late phases of the laying cycle (Swiatkiewicz and Koreleski, 2008) . Moreover, dietary supplementation with organic Mn enhanced breaking strength in aged laying hens compared with inorganic Mn (Xiao et al., 2015) . In contrast, no differences were observed between inorganic and organic sources, although dietary supplementation with Zn, Mn, and Cu had a positive influence on breaking strength and thickness (Mable et al., 2003) . Supplementing hens' diets with Mn had positive effects on eggshell quality regardless of the source (Venglovská et al., 2014) . Thus, the results of studies comparing the effect of inorganic and organic sources on eggshell quality in laying hens are inconsistent. In addition, our previous study indicated that dietary Mn supplementation in its inorganic form positively affected eggshell quality by increasing the synthesis of sulfated GAGs and uronic acid in the eggshell membranes, while also improving eggshell ultrastructure . However, the relationship of dietary organic Mn supplementation with eggshell quality and the differences between inorganic and organic sources are little explored and require further research.
Therefore, the objective of this study was to evaluate the effects of dietary supplementation with Mn in varying levels in either inorganic or organic form on performance, eggshell quality, ultrastructure, and components in laying hens, while comparing the differences between inorganic and organic sources.
MATERIALS AND METHODS

Experimental Design and Diets
This study was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. One thousand and eighty 46-wk-old Jing Brown laying hens were fed Manganese amino acid complex. The Mn, lysine, and methionine contents in the Mn-amino acid complex were analyzed, which yielded 8.78%, 1.04%, and 0.08% respectively. The chelation quotient of the Mnamino acid used in this study was Q f = 113.7. a basal diet (Table 1) for 2 wks and then randomly allocated to 9 dietary treatments for 8 wks. The diets consisted of one basal diet (control) and 8 Mn-added diets with supplemental levels of 40, 80, 120, and 160 mg/kg Mn from inorganic (MnSO 4 ·H 2 O, 31.8% Mn) or organic (Mn-amino-acid, 8.78% Mn) sources in addition to the basal diet. Each treatment had 8 replicates with 15 hens, and 3 hens were allocated to one cage (45 cm × 45 cm × 45 cm). The Mn-amino-acid (Availa Mn amino acid complex, Zinpro Animal Nutrition Inc., Eden Prairle, MN) and MnSO 4 ·H 2 O (GuanghanLongda Feed Additive Inc., Sichuan, China) were obtained from independent distributors in the commercial market rather than directly from product manufacturers. A corn-soybean meal basal diet was formulated, and the dietary components and nutrient levels are listed in Table 1 . The concentrations of Mn in the 9 treatment diets are shown in Table 2 .
Sample Collection
Six eggs per replicate were collected for determining eggshell quality at the end of the pre-trial (0 d) and at wks 2, 4 and 8 of the treatment period. At the end of the trial, an additional 6 eggs per replicate were collected to measure shell stiffness, elastic modulus, fracture toughness, and ultrastructure. Then, 6 eggshells from one replicate were mixed and served as a sample to measure eggshell components.
Performance and Eggshell Quality
Egg production and egg weight were recorded daily, and feed consumption was recorded every 2 wks during the feeding trial.
Eggshell thickness and breaking strength were separately determined by the Egg Shell Thickness Gauge and Egg Force Reader (Ramat Hasharon, Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). Eggshell thickness referred to the shell without the membrane but with the cuticle. Shell weight was measured after the interior membrane was washed and dried at room temperature for 48 h. The shell ratio was calculated as shell weight/egg weight × 100. Shell stiffness was measured by quasi-static compression using a Texture Lab Pro (TMO-Pro, Food Technology Ltd., SV, Sterling, VA) fitted with 25 N load capture at a compression speed of 1 mm/min. Stiffness was calculated as the mean value for 3 linear slopes of the force deformation curves resulting from the applied load of 10 N on 3 points of the equator of each egg. The mechanical elastic modulus and fracture toughness of eggshell were measured according to the formulas described by Mabe et al. (2003) . The elastic modulus described the contribution of the eggshell material to the overall stiffness characteristics of the eggshell:
, where S d = stiffness (N/mm), R = radius of curvature (breadth/2(mm)), T = thickness of the shell (mm), and C = non-dimensionalized constant. The C was dependent on the shape index (SI), radius of curvature (R), and thickness (T) of the eggshell and was able to be calculated as follows: C = A × (0.408 + (3.026T)/R), where A = (−0.666 + (1.8666 × (SI)) − (0.907 × (SI)
2 ) + (0.153 × (SI) 3 ))/0.444. Fracture toughness, or resistance to fracture (KC), was influenced by the nature and magnitude of inherent defects within the material. This value for eggshell was derived by the formula KC = K nd (F/T 3/2 ). In this expression, K nd = 0.777 × (2.388 + (2.9934 × (6/R)), where R = radius of curvature, F = breaking strength, and T = thickness of the shell.
Eggshell Ultrastructure
One piece of eggshell approximately 0.5 cm 2 from the equatorial section of each sampled egg was examined by scanning electronic microscopy (SEM, FEI Quanta 600, Thermo Fisher Scientific Ltd., Portland, OR). Before SEM imaging, both the inside and outside of the eggshells were washed with distilled water to remove dirt. To observe the ultrastructure, eggshell samples were mounted on copper blocks, coated with gold powder, and examined by SEM. The effective thickness (combined palisade, vertical crystal layer and cuticle), mammillary thickness and the width of the mammillary knobs were measured and calculated with the SEM ruler according to the model by Dunn et al. (2012) . Mammillary thickness referred to the length from the top of the membrane to the bottom of the palisade. The width of the mammillary knobs was calculated as follows: width = the length of mammillary knobs/the number of mammillary knobs. All of the SEM photographs were taken using 200× magnification.
Mn, Calcium, and Phosphorus Contents in Eggshell
At the end of the trial, 6 eggshells from each replicate were collected as a sample to determine the Mn, calcium (Ca), and phosphorus (P) contents of the eggshell. First, both the inside and outside of the eggshells were washed with distilled water to remove dirt and were dried at room temperature for 48 h. Then, the eggshells were mixed and crushed into powder. Approximately 0.5 g of eggshell powder were dissolved in 3 mL nitric acid and 3 mL H 2 O 2 and then set aside for 2 hours. Then, the samples were digested by a microwave digestion instrument (MDS-10, Shanghai Xinyi Instrument Technology co., Ltd, Shanghai, China). The contents of Mn and Ca were analyzed using flame atomic absorption spectrophotometry (Zeenit700P, Analytik Jena, Germany), and the content of P was measured using a spectrophotometer (UV-2700, Shimadzu, Japan).
Uronic Acid and Sulfated GAGs in Shell Membranes and Calcified Eggshell
At the end of the trial, 6 eggshells from each replicate were collected as a sample to determine the contents of sulfate GAGs and uronic acid in the shell membranes and calcified eggshell according to the method described by Young et al. (2007) and Xiao et al. (2014) . The content of uronic acid was determined according to the method described by Bitter and Muir (1962) . In brief, 0.5 mL samples or glucuronolactone standards (4 to 40 μg/mL) were put into glass tubes and then icebathed for 5 min. Then, 1.5 mL of the 0.0125 mol/L sodium tetraborate solution were cautiously added dropwise into the tubes and then entirely mixed. The tubes were then heated for 10 min in a vigorously boiling distilled water bath and cooled to room temperature. Then, 0.025 mL 0.15% meta-hydroxydiphenyl solution dissolved into 0.5% sodium hydroxide were added to the tubes and mixed. Then, the content of uronic acid was analyzed using the spectrophotometer (UV-2700, Shimadzu, Japan). The content of sulfated GAGs was measured by the DMMB (dye 1,9-dimethylmethylene blue) method (Farndale et al., 1982) , which used chondroitin sulfate as a standard substance. In brief, a stable solution of 1,9-dimethylmethylene blue (DMB) was prepared as follows: DMB (16 mg) was stirred with 5 mL ethanol; sodium formate (2.0 g) and formic acid (2.0 mL) were added, and the volume amassed to 1 liter with distilled water. The samples were digested by papain (300 μg/mL) in 50 mM phosphate buffer (pH 6.5) containing 2 mM N-acetyl cysteine and 2 mM EDTA at 65
• C for 1 hour. A standard volume (up to 250 μL) of the GAGs sample solution was pipetted into a 5-mL polystyrene tube. The DMB solution (2.5 mL) was added from an automatic dispenser and thoroughly mixed. Then, the content of sulfated GAGs was immediately analyzed using the spectrophotometer (UV-2700, Shimadzu, Japan).
Statistical Analysis
The normality of the data and homogeneity of variances were tested first. Then, the linear (L) and quadratic (Q) effects of supplemental levels of Mn from inorganic and organic sources were analyzed using a regression analysis in SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). The interactions between the supplemental level of Mn and source of Mn in 8 groups (without the control) were analyzed with a covariance analysis using generalized linear models in SPSS software. Then, the statistical significance of comparisons between the means of inorganic and organic Mn were further assessed using covariance analysis, as the interaction between Mn level and Mn source was not significant. A P-value of 0.05 or less was declared significant.
RESULTS
Performance
From 46 to 47 wks of age (pre-trial period), all laying hens were fed the same basal diet, and they showed normal performance without significant differences (P > 0.05, the data not shown). Egg production, average egg weight, ADFI and feed conversion ratio were not significantly influenced by dietary Mn supplemental levels or sources during wks 48 to 49, 50 to 51, 52 to 55 (P > 0.05, data not shown), and 48 to 55 wks of age (P > 0.05, Table 3 ). During the entire treatment period, hens fed with 40 mg/kg inorganic Mn had a tendency in higher egg production and improved feed efficiency than the other treatments (P > 0.05).
Eggshell Quality
At the end of the pre-trial (0 d), eggshell breaking strength and thickness showed no significant differences with dietary Mn supplemental levels or sources (P > 0.05, Table 4 ). There was no significant difference in breaking strength with dietary Mn supplementation in either inorganic or organic form at wk 2 (P > 0.05). However, the supplemental level of inorganic Mn resulted in linear and quadratic increases of breaking strength at wks 4 (L = 0.012; Q = 0.046) and 8 (L = 0.025; Q = 0.005) of the treatment period. The supplemental level of organic Mn increased breaking strength quadratically at wk 4 (P = 0.006) and linearly and quadratically at wk 8 (L = 0.005; Q = 0.001). Linear and quadratic responses to the supplemental level of inorganic Mn were observed in thickness at wks 2 (L = 0.022; Q = 0.046), 4 (P < 0.001) and 8 (P < 0.001), while in the organic form of Mn, the effect was linear and quadratic at wks 4 (P = 0.001) and 8 (L = 0.046; Q = 0.007). No significant effects on breaking strength and thickness were observed from the Mn supplemental sources (P > 0.05), and interactions between the Mn level and source were not significant in terms of breaking strength and thickness (P > 0.05).
No significant differences were observed in eggshell weight and ratio among the different levels and sources of Mn in the diet (P > 0.05, Table 5 ), except that the supplemental level of inorganic Mn showed linear (P = 0.002) and quadratic (P = 0.007) relationships with shell ratio at wk 8. Furthermore, there were no significant interactions between the dietary supplementation of Mn level and source on eggshell weight and ratio (P > 0.05). Table 6 shows the effects of dietary supplementation with inorganic and organic Mn on eggshell stiffness, elastic modulus, and fracture toughness at the end of the treatment period. There was no difference in shell stiffness with supplemental levels of either organic or inorganic Mn (P > 0.05), but it was affected by Mn sources. Additionally, the stiffness was higher in organic Mn-added groups (P = 0.023). Dietary Mn supplemental level and source did not affect elastic modulus (P > 0.05). The supplemental level of inorganic Mn had no effect on fracture toughness (P > 0.05), while with the organic form of Mn, the effect was quadratic (P = 0.012). However, no significant difference in fracture toughness was noted between inorganic and organic Mn (P > 0.05). Furthermore, there were no interactions between the Mn supplemental level and source on stiffness, elastic modulus and fracture toughness (P > 0.05).
Eggshell Ultrastructure
The effect of dietary Mn supplementation on eggshell ultrastructure from inorganic and organic sources at the end of the treatment period is shown in Table 7 . The Table 6 . Effects of dietary Mn supplemental level and source on eggshell stiffness, elastic modulus, and fracture toughness of laying hens (55 wk of age) at the end of 8 wks of the treatment period. supplemental level of Mn had linear and quadratic effects on effective thickness in both inorganic (L = 0.023; Q = 0.005) and organic (L = 0.007; Q = 0.001) forms. Mammillary thickness showed linear and quadratic relationships with the supplemental level of Mn in both inorganic (L = 0.020; Q = 0.007) and organic (P < 0.001) forms. No difference in mammillary knob width was observed with the supplemental level of inorganic Mn in diet (P > 0.05). However, there was a quadratic relationship between mammillary knob width and the supplemental level of organic Mn (P = 0.008). There was no difference in effective thickness between inorganic and organic groups (P > 0.05), but lower mammillary thickness (P = 0.017) and mammillary knob width (P < 0.001) were observed in organic Mn-added groups compared to inorganic groups. The interactions between the supplemental level and source of Mn were not significant in terms of effective thickness, mammillary thickness and the width of mammillary knobs (P > 0.05).
Eggshell components
There was no difference in the calcium content of shells with supplemental levels of either inorganic or organic Mn at the end of the treatment period (P > 0.05, Table 8 ). The supplemental level of the inorganic Mn affected the phosphorus content of shells in linear (P = 0.010) and quadratic (P = 0.016) manners, but the organic Mn did not show the effect (P > 0.05). Dietary Mn supplementation resulted in a quadratic effect on the Mn content of shells in both inorganic (P = 0.003) and organic (P = 0.017) forms. The supplemental level of the inorganic Mn showed linear and quadratic effects on the content of sulfated GAGs in calcified eggshell (P < 0.001), while with the organic form of Mn, quadratic effects were observed on the content of sulfated GAGs in both calcified eggshell (P = 0.001) and membranes (P = 0.009). However, there were no differences in uronic acid content in either calcified eggshell or membranes with the supplemental level of Mn in either organic or inorganic form (P > 0.05). Furthermore, dietary Mn source did not affect the eggshell components, and there was no interaction between the Mn supplemental level and source on the eggshell components (P > 0.05).
DISCUSSION
Dietary supplementation with Mn did not influence laying hens' performance in the current study, as reported in several studies (Stefanello et al., 2014; Xiao et al., 2014; with even longer feeding periods (12 wks, Zamani et al., 2005a; 45 wks, Swiatkiewicz and Koreleski, 2008) . Sazzad et al. (1994) reported that the content of Mn in the corn-soybean meal basal diet (25 mg/kg) was sufficient to maintain laying performance in hens. This dietary Mn level was the same as the required Mn level for laying hens suggested by NRC (1994). In our study, the basal diet contained 32.7 mg/kg of Mn. These studies have indicated that there are no effects of dietary Mn supplementation on laying performance in hens.
The increased resistance of shells is a desirable feature that has economic importance in the commercial laying sector. Previous studies have shown increases in breaking strength and thickness with dietary supplementation of Mn (Venglovská et al., 2014; Xiao et al., 2014 Xiao et al., , 2015 or a combination of Mn, Zn, and Cu (Mabe et al., 2003; Stefanello et al., 2014 ). In the current study, breaking strength was not affected during the first 2 wks but increased with the supplementation of Mn in both organic and inorganic forms over the following 6 wks. These results indicated that the effects of Mn progressively developed, and a period longer than 2 wks was needed to examine the full effect on eggshell strength. However, we did not find any difference in breaking strength between the inorganic and organic groups, which was in accordance with other studies (Mabe et al., 2003; Stefanello et al., 2014) . In contrast, our previous study found that dietary supplementation of Mn from 25 to 200 mg/kg in addition to a basal diet of 11.3 mg/kg of Mn improved breaking strength and with more effectiveness in its organic form (Xiao et al., 2015) . The difference between our two studies could be attributed to the higher Mn content (32.7 vs. 14.3 mg/kg) in the basal diet and younger hens (55 vs. 62 wk of age) in the current study. We also found that eggshell thickness increased linearly and quadratically with increasing supplemental levels of Mn from 0 to 160 mg/kg, and no difference was found between the inorganic and organic groups. Similarly, the thickness increased linearly with dietary supplementation of Mn from 25 to 105 mg/kg (Sazzad et al., 1994) or from 40 to 200 mg/kg in the second production cycle of hens (Fassani et al., 2000) . Dietary supplementation of Mn from 25 to 200 mg/kg increased eggshell thickness of hens regardless of the source (Xiao et al., 2015) . These studies have shown that breaking strength and thickness can be improved with dietary Mn supplementation, especially in aged hens. The differences between inorganic and organic Mn in terms of shell strength and thickness changes according to the levels of Mn in the basal diet, the dosages of supplemental levels of Mn, and the ages of laying hens. In addition, we attempted to calculate the optimal level of Mn in inorganic and organic forms according to the fitted equation of breaking strength and thickness, but the R-squared values of the formulas were lower than 0.4, which made the fitted equation and the optimal level not convincing enough. Further studies on low Mn concentration in the basal diet and a greater diversity supplemental levels of Mn are needed to determine the optimal level of dietary Mn supplementation.
Numerous studies have shown that eggshell ultrastructure is the major determinant of eggshell quality (Van Toledo, 1982; Panheleux et al., 1999; RodriguezNavarro et al., 2002) . The increased strength in the present study was mainly due to the decrease of mammillary thickness (r = −0.725, P < 0.001), as well as increased effective thickness and decreased width of mammillary knobs, some of which were also reported in the literature (Leach and Gross, 1983; Stefanello et al., 2014; Xiao et al., 2014) . It was reported that the thickness of the palisade layer (Radwan et al., 2010; Radwan, 2016) and the thickness and width of knobs in mammillary layer (Ahmed et al., 2005; Dunn et al., 2012) played important roles in breaking strength. In addition, a positive relationship between breaking strength and sulfate GAGs content in the membranes was found in our study (r = 0.733, P < 0.001), as previously reported by Young et al. (2007) and Xiao et al. (2014) . In this respect, the increased sulfate GAGs content in the membranes may have also helped to improve breaking strength, especially in the organic groups. The increased eggshell thickness was primarily a consequence of the increased effective thickness in our study (r = 0.804, P < 0.001), which was also increased with the dietary supplementation of Mn, Zn, and Cu and contributed to improve shell thickness (Stefanello et al., 2014) . Thus, the linear and quadratic responses of mammillary and effective thickness may have led to the linear and quadratic responses of breaking strength and thickness to the dietary Mn supplementation in both its inorganic and organic forms in the current study.
With the exception of the supplementation of inorganic Mn which had linear and quadratic effects on shell ratio at wk 8, no changes in shell ratio and weight were observed with dietary Mn supplementation in our study. Interestingly, we found that the dietary supplementation of inorganic or organic Mn increased shell thickness but did not affect shell weight and ratio, as previous studies have reported (Xiao et al., , 2015 . It was possible that other factors (for instance, egg size and shell density), except for shell thickness, may also affect shell weight and ratio. Egg size was not affected by dietary Mn supplementation (Xiao et al., 2015) , but the effect of Mn supplementation on shell density in laying hens needed to be studied. Furthermore, Swiatkiewicz and Koreleski (2008) reported no observed changes in eggshell ratio with the supplementation of Zn and Mn from inorganic and organic sources in hens between 35 and 70 wks of age. However, Stefanello et al. (2014) showed that there was a linear effect on shell ratio with dietary trace mineral supplementation, while there was a quadratic increase in eggshell thickness. Thus, the effects of dietary Mn supplementation on eggshell weight and shell ratio were rather inconsistent and needed to be further proven.
Eggshell stiffness, elastic modulus, and fracture toughness are parameters to evaluate eggshell mechanical properties. We found that stiffness was not affected by dietary supplementation of Mn in either inorganic or organic form, but it was higher in the organic groups compared to the inorganic groups. This implied that the recoverability of shells to resist external stress was improved in hens that were fed organic Mn. However, dietary Mn supplemental levels and sources did not affect stiffness in other studies (Zamani et al., 2005b; Xiao et al., 2015) . We also found that the supplementation of organic Mn had a quadratic effect on fracture toughness, while no effect was observed in inorganic groups. Additionally, no difference was observed from Mn sources, partially agreeing with previous reports (Mabe et al., 2003; Xiao et al., 2014) . However, fracture toughness was influenced by different Mn supplemental levels according to a one-way analysis, but no difference was found between sources (Xiao et al., 2015) . Fracture toughness was calculated based on thickness and breaking strength, and there was a positive correlation between fracture toughness and strength (r = 0.786, P < 0.001). Thus, the quadratic response of fracture toughness may have been the result of the quadratic response of strength to the supplementation of organic Mn. In addition, decreased crystal size was reported to be associated with increased strength and fracture toughness (Ahmed et al., 2005) , and the supplementation of organic Mn had a quadratic decrease of mammillary knob width in our present study. In this way, the quadratic effect on mammillary knob width due to the supplementation of organic Mn may also have influenced fracture toughness in which a quadratic effect was also observed. However, there was no difference in fracture toughness with the supplementation of inorganic Mn in spite of the variations in shell strength, which was in accordance with the result that mammillary knob width was not affected by the supplementation of inorganic Mn.
Dietary Mn deficiency decreased shell thickness and the contents of hexosamine and hexuronic acid in the organic matrix, and it also increased the large, irregular mammillary knobs during the early phase of eggshell formation (Longstaff and Hill, 1972; Leach and Gross, 1983) . Moreover, the dietary addition of Mn decreased the size of mammillary knobs and cracks in the outer surface, which resulted from the increase of GAGs and uronic acid contents in the shell membranes ). In the current study, the supplementation of Mn increased effective thickness and decreased mammillary thickness in both the inorganic and organic groups, and a thinner mammillary layer was found in hens fed organic Mn compared to inorganic Mn. It was reported that the palisade layer comprised approximately more than two-thirds of the effective thickness (combined palisade, vertical crystal layer, and cuticle) of the shell (Fathi et al., 2007) . The increased effective thickness with the supplementation of Mn may have been the result of increased sulfated GAGs content in calcified eggshell in our study, as dermatan sulfate proteoglycan predominated the active phase of calcification throughout the palisade layer of the eggshell Fernandez et al., 2001) . The decreased mammillary thickness in hens with dietary Mn supplementation could have been explained partly by a competitive crystal growth process in the eggshell formation. In this process, if the mammillary knobs were less widely spaced, then the width of the crystals in the palisade layer would have been comparatively smaller, and the mammillary layer would have been thinner (Dunn et al., 2012) . It was reported that organic components in calcified eggshell and membranes were supposed to have been involved in the control of mineralization, crystallographic texture and properties of the eggshell (Panheleux et al., 1999; Arias and Fernandez, 2001) . In this case, it was possible that the increases of sulfated GAGs content in the membranes and calcified eggshell simultaneously contributed to regulate the thickness of the mammillary layer. Then, the thinner mammillary layer in the organic Mn-added groups compared to the inorganic groups was possibly due to different effects on sulfated GAGs content in the membranes, which increased quadratically only with dietary supplementation of organic Mn. In our study, the decreased mammillary knob width with the supplementation of organic Mn implied the increased nucleations density on the internal shell membrane during the early stages of shell formation, which could have been attributed to the increased sulfated GAGs content in the membranes. This was because keratan sulfate proteoglycan was secreted at the site of nucleation of the first crystals and played an important role during the deposition of the first crystals of the eggshell Nys et al., 2004) . The ultrastructure with greater effective thickness and thinner mammillary thickness, simultaneously with lower mammillary knob width, was more solid, and these mechanics were in accordance with RodriguezNavarro et al. (2002) and Xiao (2014) .
The available phosphorus utilized with laying hens could have been deposited in the eggshell in the form of calcium phosphate (Roland Sr, 1986) . Our study showed that phosphorus content in the shell was influenced by the supplementation of inorganic Mn. It possibly could have been explained by the interaction effect between Mn and P in hens (Wedekind and Baker, 1990; Wedekind et al., 1991) . Dietary Mn supplementation increased the Mn content in the eggshell regardless of the source in our study, and it was also observed in another study (Xiao et al., 2015) . In addition, there was a quadratic response of shell Mn content with the supplemental level of Mn in both inorganic and organic forms, which indicated that the Mn could not be deposited in the eggshell without a plateau. The result of increasing sulfated GAGs content in the calcified eggshell and membranes with dietary Mn supplementation found in our study was partly in agreement with studies by Leach and Gross (1983) and Xiao et al. (2014) . It possibly could have been explained by the increase of GlcAT-I in the eggshell gland with the supplementation of Mn, which was proven by Xiao et al. (2014) . It was also reported that the decrease of GlcAT-I expression in the cartilage led to a dramatic decrease in matrix proteoglycans (Venkatesan et al., 2004) . Moreover, a positive correlation between Mn content in the shell and sulfated GAGs content in the membranes was observed in our study (r = 0.579, P < 0.001). These results implied that dietary Mn supplementation likely regulated the metabolism of Mn in laying hens and affected the deposition of Mn and sulfated GAGs in the eggshell.
In conclusion, dietary Mn supplementation, regardless of the source, could increase breaking strength and thickness by improving the ultrastructure, which partly results from increased sulfated GAGs content in the eggshell. Moreover, the supplementation of organic Mn could increase fracture toughness by decreasing the width of mammillary knobs, which is partially due to increased sulfated GAGs content in the membranes.
